We provide transferable force fields for oxygen, nitrogen, and carbon monoxide that are able to reproduce experimental adsorption in both pure silica and aluminosubstituted zeolites at cryogenic and high temperatures. The force field parameters can be combined with those previously reported for carbon dioxide, methane, and argon, opening the possibility of studying mixtures of interest containing the six components.
Introduction
Despite of the efforts on force field development in the last decades, the lack of transferable parameters to define low temperature adsorption of certain gases in zeolites is still an impeding factor from the simulation point of view. Using molecular simulation as predictive tool requires reliable models as well as effective force fields able to reproduce experimental data. The main difficulty of defining interactions between adsorbates and zeolites is that generic mixing rules fail for these systems. [1] [2] [3] Lennard-Jones interactions between different atoms can be computed using Jorgensen or the Lorentz-Berthelot mixing rules. In the former the cross term parameters for energy and distance are calculated by a geometric mean and in the latter the cross-term parameters for energy and distance are calculated by a geometric and arithmetic mean, respectively. These generic force fields have the advantage of being easy to implement, but, especially at low temperatures, they tend to over predict experimental adsorption 4 and fail to reproduce particular kinks and steps of the adsorption isotherms attributed to differences on the molecular packing at low and high coverage and to phase transitions within the pores. [1] [2] [3] [5] [6] [7] [8] [9] Due to the lack of specific and transferable force fields, generic force fields are still widely used for porous materials. However the development of more accurate force fields (obtained by fitting to experimental measurements) will improve the capacity of molecular simulations to provide reliable predictions about adsorption and diffusion properties of these porous materials. For zeolites some transferable force field potentials (that can be used for a variety of structures) are being developed. However, combining models is just as cumbersome.
To date there are many works describing these interactions but most of them are developed for specific purposes and molecular models and they are not transferable to other structures or to different working conditions. One of the most studied adsorbates in zeolites is carbon dioxide. For this molecule a variety of force fields are reported in the literature in both pure silica 10-13 and alumino-silicate crystals. [14] [15] [16] Among these force fields only one of them has been proven to be transferable to all zeolitic topologies, reproducing accurately experimental adsorption under different conditions 8 . Regarding diffusion of carbon dioxide in zeolites, most of the simulation studies focus in pure silica structures [17] [18] [19] [20] [21] and it has been demonstrated that small differences on the hostguest parameters lead to similar adsorption but have large influence on diffusion. 22 The adsorption and diffusion of alkanes have also been widely studied in both pure silica and alumino-substituted zeolites. 21, 23, 24 While the adsorption of hydrocarbons is well reproduced in all-silica zeolites using force fields such as TraPPE 25 Despite current efforts, the development of transferable force fields for describing the adsorption in zeolites (especially at low temperatures) remains a complex task. There are two main challenges in fitting a force field to experimental data: The choice of experimental data that are used in the fitting and in the validation steps, and the nature of the parameter fitting method.
In this work we provide a transferable force field for light gases that are able to reproduce experimental adsorption in both pure silica and alumino-substituted zeolites.
We rely on reported transferable force fields for argon 9 and methane 1 and we develop new parameters for nitrogen, oxygen, and carbon monoxide to reproduce experimental adsorption in zeolites for a variety of temperatures. One of the particularities of these force fields is that they can be combined with these previously reported for carbon dioxide, 8 argon, 9 and methane. 1 This fact is of high relevance as it makes possible to compute adsorption in zeolites of a variety of mixtures with industrial and environmental impact (i.e. natural gas, tail gases from Fisher Tropsch processes, greenhouse gases, or pollutant removal from air). Usually available force fields are optimized at room temperature, but in this work we fit the force field parameters at 77 K and 120 K (depending on the adsorbate) in order to guarantee their validity for a wider range of temperatures. This fact lead to another particularity of these force field parameters as they can be used to analyze the difficulties faced by both experimentalists and theoreticians to obtain reliable adsorption at low temperature and allow us to point out some factors that can induce to erratic sets of data.
In the next sections we detail the experimental and simulation methodology, we discuss the results obtained, and finally we summarize our main findings of this work.
Methodology
Experimental details. Zeolites with faujasite topology were purchased from Zeolyst International (CBV100 and CBV901). All silica MFI (RSIL) and ITQ-29 (pure silica LTA structure) were kindly supplied by ITQ (CSIC) and both correspond to a pure porous crystalline silicon dioxide. Experimental gas adsorption isotherms at Adsorption isotherms at 77 and 90 K were also measured using a liquid nitrogen and oxygen (respectively) bath to control the temperature; both sets of experimental data (cryocooler vs liquid nitrogen/oxygen) were found to be reproducible. Before the analysis, all zeolite powders were outgassed under dynamic vacuum at 623 K (1K/min) for overnight. All of the isotherms were done in triplicate and the data are reproducible with an error below 0.1%. All the gases were supplied by Air Products with an ultrahigh purity (i.e., 99.995%).
Simulation methods and models. 38 Simulations are performed using the molecular simulation software RASPA. To incorporate the effect of the presence of extra-framework cations and to parameterize the interactions of the cations with the adsorbates we compute adsorption in NaY (with 54 aluminum atoms and sodium cations per unit cell) using the crystallographic positions reported by Olson. 46 The low content of aluminum of this structure (54 per unit cell) avoids the possible formation of complexes between the cations and the adsorbates. 3, [47] [48] [49] NaY has a cubic unit cell with side size of 25.09 Å and the distribution of the aluminum atoms in our simulation cell obeys the Löwenstein rule that establish that the same oxygen atom cannot be connected to two aluminum atoms.
Extra-framework cations are allowed to move during simulations, as it is known that their mobility has a strong effect on the adsorption behavior.
2,3
Regarding adsorbates we use reported models for argon, 50 methane, 1 nitrogen, 50 oxygen, 50 and carbon monoxide 51 . Argon and methane are described as united atom models with Lennard-Jones parameters on a single interaction center. parameters for the adsorbates. 1, 50, 51 As mentioned before, adsorbate-adsorbent interactions in zeolites do not obey generic mixing rules, therefore specific interactions need to be used. Usually, the dispersive interactions of silicon or aluminum atoms are considered through the oxygen atoms, acting these atoms as Lennard-Jones interacting centers. Nevertheless all the atoms of the system have partial charges assigned. In this work we use a set of charges for the structures that was previously reported by our group. 8 To define the Lennard-Jones interactions of the molecules with the structures, we use published values for argon and methane 1,9 and we define new ones for nitrogen, oxygen, and carbon monoxide.
Results
To obtain the parameters for the interactions of oxygen, nitrogen, and carbon monoxide with the zeolites, the first step is to reproduce the interaction of the gases in pure silica zeolites (gas-O zeo ). With this aim in mind we computed adsorption isotherms in ITQ-29 for all gases at 77 K, 90 K, and 120 K. The Lennard-Jones parameters between the oxygen atoms (O zeo ) and the adsorbates were fitted to reproduce the experimental isotherms at the lowest temperature (77 K for oxygen and nitrogen and 120 K for carbon monoxide). In addition we compute adsorption isotherms at several temperatures to validate the fitted parameters that are collected in Table 1 . The force field parameters for argon and methane, taken from the literature, 1,9 have also been validated to reproduce experimental adsorption at low temperature (120 K). As shown in Figure S1 from the Electronic Supporting Information (ESI) simulations reproduce experimental adsorption accurately. To analyze the transferability of the new set of parameters, adsorption isotherms were computed for other pure silica zeolites. Figure 2 shows the adsorption isotherms computed for pure silica FAU zeolite, compared to experimental data obtained in CBV901 (nearly pure silica FAU zeolite) at different temperatures. As observed in this figure the results obtained from simulations successfully reproduce experimental data at (experimental RSIL). As can be noted the lowest temperature brings some discrepancies that we attribute to difficulties to reach real equilibrium conditions at such low temperatures in this zeolite (supported by the steep adsorption at low pressures).
Another example is given in Figure 4 , showing the adsorption isotherms of nitrogen in pure silica MFI at 77 K and pointing out a disagreement in the experimental data provided by different authors. 52, 53 As it can be seen, our experimental isotherm is in agreement with the previously reported by Nakai et al. 52 However it shows large discrepancies with the isotherms reported by Hammond et al. 53 at low pressures, though the three of them exhibit the same saturation capacity. This should be attributed to the lack of sensitivity in the low pressure region (below 1*10 -6 kPa) of the instruments, both gravimetric and volumetric, used for recording the experimental data. 53 Back to Figure   3 , depending on the adsorbate, differences between experiments and simulations can be found at temperature below 77 K (oxygen) or 90 K (nitrogen and carbon monoxide).
Discrepancies observed for MFI were not found for previous zeolites (ITQ-29 and FAU). These differences could be due to phase transition on the MFI structure as well as to differences on the size of the crystals used in the experimental samples.
Experimental isotherms recorded on MFI with different crystal sizes (data not shown)
were found to be similar, thus suggesting the phase transition in MFI as the main factor accounting for the differences observed in Figure 3 The presence of aluminum in the structures (location and density) and the type of extra-framework cation highly influences adsorption. In structures with Si/Al ratio close to 1, such as LTA4A, the basicity of the oxygen atoms and the number of sodium extra-framework cations lead to the formation of carbonate-like-species during the adsorption of molecules such as carbon dioxide and carbon monoxide. 3, 56 These complexes affect the accessible volume of the structure and the interactions with the molecules. We have recently reported a work dealing with the formation of these complexes in LTA4A zeolites 3 and we are currently working on the development of a similar set of parameters involving the formation of carbonate-like species between carbon monoxide and this particular structure. Molecules such as nitrogen, argon, methane, or oxygen are not able to enter the LTA4A structure due to kinetic restrictions. 57, 58 Hence, to study the effect of the presence of cations avoiding the problems afore mentioned we focus on NaY zeolite with 54 sodium cations per unit cell (u.c.). Using similar procedure as for pure silica zeolites we use our experimental isotherms to fit the Lennard-Jones parameters between the adsorbates and sodium cations and to validate these parameters. Unfortunately, there is still a big lack of force fields in zeolites containing nonframework cations. Among the gases under study and to the best of our knowledge, there is only one set of parameters for methane. 2 These parameters were optimized and validated for adsorption in FAU-type zeolites at temperatures spanning from 298 K to 330 K. As shown in Figure 5 these parameters fail to reproduce adsorption at 120 K, since it overestimates the uptake at low pressures. However the saturation obtained by simulation is in reasonably good agreement with the experimental data. Amazingly enough, slight variations on the epsilon and sigma parameters lead to reproduce the experimental adsorption isotherms at low and high temperatures. This evidences the large sensitivity of the Lennard-Jones parameters when the adsorption isotherm is computed at low temperature. In addition, it is possible to find disagreements between experiments and simulations at low and medium values of pressure due to another two factors ( Figure 6 ). On the one hand, we can find experimental restrictions similar to these observed at 77 K for pure silica structures. On the other hand the lowest uptake obtained in the experiments could be also attributed to kinetic effects. At low temperatures the reduced mobility of the cations could lead them to block the windows that communicate the -cages of faujasite. Therefore higher pressures are needed for the molecule to enter the structure. This kinetic restriction disappears at higher temperatures allowing good agreement between experiments and simulations at temperatures above 90 K. To avoid kinetic impedimenta, the Lennard-Jones parameters that describe the interactions of nitrogen, oxygen, carbon monoxide, and argon with the sodium cation were fitted to the experimental isotherms obtained at 120 K and validated at higher and lower temperatures. As shown in Figure 6 , the experimental and simulated adsorption isotherms at temperatures above 90 K for oxygen (6a), nitrogen (6b), and carbon monoxide (6c) are in very good agreement. However, simulation fails to reproduce experiment at lower temperatures. These discrepancies do not apply to argon ( Figure   6d ) since the interaction of this gas with the cations is quite weak and therefore the adsorption of this molecule is not affected by kinetic restrictions. As previously done for the pure silica zeolites, we validate the transferability of the interaction parameters of the gases with sodium extra-framework cation by comparison with experimental adsorption values in zeolites with different Si/Al ratio and topology.
With this aim we compute adsoption isotherms of O 2 , N 2 , Ar, and CH 4 in NaX (Si/Al=1.23) and Na-MFI (Si/Al=30) at room temperature, and compare them with the results reported by Dunne et al. 59 As observed in Figures S5-S8 from the ESI, the agreement obtained in both structures is really accurate, proving therefore the transferability of the proposed parameters.
Conclusions
We analyzed the effect of temperature on the adsorption behavior of argon, methane, nitrogen, oxygen, and carbon monoxide in both pure silica and aluminosilicate zeolites. To this aim the development of new sets of transferable parameters was needed. These parameters are of key importance to perform adsorption studies by molecular simulation as generic mixing rules fail to reproduce adsorption in zeolitic systems and previous works with specific parameters are scarce. The new sets of parameters are compatible to these previously reported for carbon dioxide, methane, and argon opening the possibility of studying mixtures of all components. We found that some systems need very low pressures to reach equilibrium and experimental devices are not always able to reach such pressures leading in this case to erroneous isotherms.
When cations are involved in the system the low temperature affects their mobility being needed higher pressures to allow molecules to enter the structures. This kinetic effect cannot be mimic using Monte Carlo simulations being therefore more difficult to reproduce experimental results. 
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